A reanalysis of unpolarized electron-proton elastic scattering data is done in terms of the electric to magnetic form factor squared ratio. This observable is in principle more robust against experimental correlations and global normalizations. The present analysis shows indeed that it is a useful quantity that contains reliable and coherent information. The comparison with the ratio extracted from the measurement of the longitudinal to transverse polarization of the recoil proton in polarized electronproton scattering shows that the results are compatible within the experimental errors. Limits are set on the kinematics where the physical information on the form factors can be safely extracted. The results presented in this work bring a decisive piece of information to the controversy on the deviation of the proton form factors from the dipole dependence.
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PACS numbers:
Hadron form factors (FFs) contain essential information on the electric and magnetic charge currents in the hadron and constitute a very convenient parametrization that enters in theoretical models and description of experimental observables concerning the three-leg vertex proton-proton-photon. It has been assumed for long time that the proton electric FF, as well as the magnetic FFs of the proton and neutron, normalized to their magnetic moment, have a Q 2 -dipole dependence (Q is the four momentum of the photon):
, whereas the neutron electric FF is essentially zero. Evidence for the deviation of the proton electric FF from the dipole form was present since the 70's, in experiments as well as in theory. However, the dipole parametrization was commonly accepted due to the following facts:
• From the classical point of view, in the nonrelativistic approximation, FFs are Fourier transforms of the spatial densities of electric charge and magnetization of the nucleon; the dipole approximation corresponds to an exponential distribution and the parameter 0.71 GeV 2 corresponds to a quite reasonable root mean square radius of the proton of 0.81 fm.
• From the QCD point of view, as elastic FFs represent the probability that a proton remains in its ground state after that each of its valence quarks has received a momentum squared, Q 2 , transferred by the virtual photon, scaling laws predict a (1/Q 2 ) 2 dependence of the amplitude of the process [1, 2] (corresponding to two gluon exchange, the minimum number of exchanges needed for sharing the momentum among the three valence quarks). * Electronic address: etomasi@cea.fr
The reduced cross section of electron-proton elastic scattering, in Born approximation, i.e., by considering only one-photon exchange, σ red , is linear in the variable ǫ = [1 + 2(1 + τ ) tan 2 (θ e /2)] −1 , being θ e the electron scattering angle in the proton rest frame, and τ = Q 2 /(4M 2 ), and it reads σ red (θ e , Q 2 ) = 1 + 2 E M sin 2 (θ e /2) 4E 2 sin 4 (θ e /2) α 2 cos 2 (θ e /2) × ǫ(1 + τ ) dσ dΩ
where M is the proton mass, E and dσ/dΩ are the electron initial energy and the differential cross section in the proton rest frame, and G E and G M are the proton electric and magnetic Sachs FFs. The measurement of the differential (reduced) cross section at fixed Q 2 , for different angles, allows to extract the squared values of the FFs, G 2 E and G 2 M , as the slope and the intercept (multiplied by τ ), respectively, of this linear distribution (Rosenbluth separation [3] ).
However, hints from experiments and theory cast some doubts on the accuracy of the dipole approximation.
• In experiment:
Series of measurements at moderate Q 2 at DESY [4] (single arm), at Cambridge electron accelerator [5] with ep coincidence and from proton and quasi-elastic deuteron scattering [6] , found a decrease of the electric FF with Q 2 , with respect to the dipole, in the limit of the errors. In these experiments radiative corrections were either measured, or controlled through a comparison between proton and deuteron targets, and never exceeded 20%. Further measurements at Mainz [7] as well as the SLAC experiment [8] showed also a deviation of the ratio µG E /G M from unity, being µ the proton magnetic moment in units of the Bohr magneton. The aim to learn about nucleon structure till the highest transferred momenta, justified the extraction of G M under the hypothesis
, as in any case, the electric contribution to the unpolarized cross section is suppressed by that factor of τ with respect to the magnetic term. At larger Q 2 the large errors and other type of corrections, in particular radiative corrections, were applied following commonly accepted ansatzs and, in our opinion, not critically revised. Moreover, recent, dedicated measurements at JLab [10] , as well as reanalyses of existing data [11] confirmed the scaling FFs behavior:
• In phenomenology:
Typically the electric and magnetic distributions do not have to follow a priori similar Q 2 behavior. Moreover, magnetic and electric FFs of neutron and proton may be different, as they do not have the same quark content. Some models predicted the decrease of the electric FF long before the data appeared, as the two component model of Ref. [12] , built on vector meson dominance, or the soliton model [13] that attributed the decrease of the electric FF to approximations of relativistic effects, or the di-quark model of Ref. [14] .
The doubts on the deviation from the dipoIe became evident with the advent of polarization experiments. In the 70's Akhiezer and Rekalo [15, 16] show that the polarization of the scattered proton in the scattering of longitudinally polarized electrons on an unpolarized target (or the asymmetry in the scattering of longitudinally polarized electrons on a transversely polarized target) contains an interference term proportional to the product G E G M . This observable would therefore be more sensitive to a small electric contribution, and even to its sign (particularly important for the neutron case). The suggested polarization method could be realized only in the years 2000, following the advent of high-intensity electron beams, large acceptance detectors and due to the tremendous progress in polarization techniques for beams, targets and hadron polarimetry. A measurement of the ratio of transverse and longitudinal polarization of the recoil proton gives a direct measurement of the ratio of electric and magnetic FFs, R = G E /G M :
and is free from systematic errors coming from the beam polarization and the analyzing powers of the polarimeter. The data based on the Akhiezer-Rekalo method, mostly taken by the JLab GEp collaboration ( [17] and references therein), showed with unprecedented precision that the ratio of electric to magnetic FFs decreases as Q 2 increases.
However, injecting the polarization ratio into the unpolarized cross section would modify G M by 3% at most, within the experimental errors [18] ; showing that problem is not at the level of the observables (i.e., unpolarized cross section and ratio of longitudinal to transverse proton polarization), within the experimental errors.
Different conjectures or possible solutions to this problem were discussed in the literature.
The experimental data were generally corrected by first order radiative corrections, following the calculation for example, of Ref. [19] . This calculation contained approximations that were justified at small Q 2 and/or small acceptance detectors, but that may not hold at large incident and scattered electron energy and momentum, as well as at large momentum transfer. Radiative corrections become huge at large Q 2 especially for the unpolarized cross section. They are as large for the polarized cross sections, but mostly cancel in the polarization ratio.
A revision removing some of these approximations, was published [20] , whereas a critical analysis of first order calculations is available in Refs. [21, 22] . New results on radiative corrections based on the lepton structure functions method, that takes into account higher orders in the leading logarithm approximation [23] , can bring FF results in agreement [24] . This was confirmed later on by a more extended calculation, including hard photon emission [25] . Note that, since the polarization data were made available, no experiment was performed to verify the kinematics and the radiative emission with a precise measurement of the four momenta of both outgoing particles and/or radiated particles in ep scattering. This would allow to revise critically the assumptions and corrections applied to the previous (unpolarized) measurements.
The discrepancy was attributed by several authors to the presence of a two-photon exchange contribution. From that time, a lot of theoretical and experimental work was devoted to this subject. Note that the two photon contribution was already discussed in the literature in the 70's [26] [27] [28] and recently rediscussed: for ed elastic scattering [29] , and ep elastic scattering [30] . A series of articles on model independent properties of the twophoton contribution on different processes: ep scattering [31] [32] [33] [38] , showed clearly the consequences of the non-applicability of the one-photon approximation, making necessary a serious revision of most of the obtained results. As an example, two-photon contributions would induce non-linearities in the Rosenbluth fit as the hadronic current would be parametrized by three structure functions, of complex nature and depending on two kinematical variables, instead than by two real FFs functions of Q 2 . The extraction of the real FFs would still be possible, but requiring: either polarized electron and positron beams, applying the AkhiezerRekalo method to the sum of the cross sections, where odd terms disappear; or measuring five T-even or three T-odd polarization observables, including triple spin observables, which appears very difficult.
Reanalyses of e + p/e − p data [39] [40] [41] , searching for nonlinearities of the reduced cross section, gave negative results, the slope of the Rosenbluth plot being driven by Q 2 and ǫ-dependent radiative corrections (the slope of the uncorrected cross section becoming even negative for
Model calculations of the hadronic two-photon exchange contribution were developed, giving quantitatively different results since the physical reasons for an enhancement of this term beyond the α-counting expectation differ essentially from a model to another [43] [44] [45] . Several measurements were proposed [46] [47] [48] and the results show that an asymmetry between electron and positron scattering exists indeed, and may reach 6-7%. However, most of the asymmetry comes from the interference between initial and final photon emission, and it is highly reduced when the data are properly radiatively corrected. The size of the additional two-photon contribution does not exceed the expected size from α counting (2-3 %); moreover, the measurements, being performed at low Q 2 , do not show evident increase with Q 2 . Note that an effect growing with Q 2 and reaching 6% at Q 2 ≃ 6 GeV 2 is necessary to bring in agreement the data on the ratio G E /G M extracted from the AkhiezerRekalo and the Rosenbluth methods.
I. REANALYSIS OF EXISTING DATA
Problems of parameter correlations and limits inherent to the Rosenbluth have been discussed in Ref. [49] . Previous global analysis were done, discussing in particular the problem of normalization among different sets of data, the omission of some of the data points [50] , reconsidering radiative corrections [21] .
Here we suggest the following procedure to extract the FFs information from the unpolarized cross section. Instead of extracting separately G E and G M , we write the reduced cross section given in Eq. (1) as
where
2 are considered as independent parameters. The unpolarized data are fitted at fixed Q 2 . The procedure has the advantage to extract directly the ratio, by automatically accounting for the effect of the correlations between G E and G M . The parameter R 2 represents directly the deviation of the linear dependence of the cross section from a constant in ǫ, whereas general normalization and systematic errors would be absorbed by
The results of the fit on the considered measurements of the unpolarized elastic ep cross section are summarized in Appendix A.
If, for some of the data, we recover values and errors consistent with the original publication, the data from Ref. [51] deserve a specific discussion. This work is especially representative, as it extends the individual FF extraction by the Rosenbluth method to the largest values of Q 2 .
A. Data from Ref. [51] The original cross section data are reported in Appendix B, Table IV , and the individual fits, at each Q 2 are illustrated in Fig. 6 . The data of Ref. [51] , with eight points and two settings, span the region 1.75 ≤ Q 2 ≤ 8.83 GeV 2 . The two settings will be indicate as high energy (HE) and low energy (LE) experiments.
Analysis I
In the original paper the measured cross sections were published, warning that an uncertainty of ±5% affected the second setting, due to a poor knowledge of the acceptance of the spectrometer. This error, however, was not added to the tabulated error. Instead, it was taken into account as a constant relative correction, according to the following procedure:
• For the two lowest values Q 2 = 1.75 and 2.50 GeV 2 , the cross section was measured at each setting at the lowest ǫ, and showed a larger value from the LE setting by 4-5%.
• Assuming a linear ǫ dependence of the reduced cross section, i.e., the dominance of the one-photon exchange mechanism, a fit of the HE data was done and the LE energy point was renormalized to lie on the straight line.
• The same constant normalization C = 0.956, fixed on the low Q 2 point, was applied to the cross section at all Q 2 .
This procedure has the effect to enhance the slope, increasing the FF ratio. Note that for Q 2 = 6 and 7 GeV 2 only two points are present. The renormalization (lowering) of the first point changes essentially the slope of the linear fit.
Analysis II
We recalculate the ratio using the data as published, without renormalizing the two settings and considering the LE points as additional, independent measurements. In this case the data points at Q 2 = 1.75 and 2.5 GeV 2 are both included in the fit, constraining the fit to an average value.
Analysis III
We fit only the HE points. (excluding therefore the two points at Q 2 = 6 and 7 GeV 2 ). We find a slope consistent with analysis II, although affected by larger errors, as the number of points is smaller.
Analysis IV
We repeat the normalization procedure, by aligning the LE point on the straight line fitting the HE points. We note a systematic increase of the normalization factor ( Fig. 1, and Table I ). It is well known that the acceptance of a spectrometer depends on the kinematics of the particle, it is not surprising that the needed corrections decrease at large energies (C → 1). Applying a normalization coefficient that is not constant with Q 2 but derived in order to align the LE point to the straight line defined by the HE points turns out to be equivalent to Analysis III in terms of slope and intercept. This explains the agreement between analysis III and IV .
The results are reported in Fig. 2 and compared to the ratio from polarization data. We may conclude that the results from Analysis II, III, and IV are consistent with the decreasing of the ratio indicated by the polarization data. Therefore a revision of the normalization factor brings the data into agreement. Moreover, at the light of all above, it is nonsense to use the FFs data from Ref. [51] to probe the two-photon effect, as they were extracted under the hypothesis of linearity of the reduced cross section, i.e., correcting the first point to be aligned. The results showed consistency with the hypothesis µ 2 R 2 ≃ 1 at large Q 2 , as expected at that time. The tendency of the first two points to deviate from unity was operatively corrected by the renormalization procedure.
II. ANALYSIS AND DISCUSSION OF AVAILABLE DATA
A complete discussion and data basis of unpolarized and polarized measurements can be found in Ref. [52] . There, it was already noted that some unpolarized data, where radiative corrections were lower than 20%, indeed showed a deviation of the ratio µ 2 R 2 from unity consistently with the polarization data.
We consider below only the cross section data where the individual determination of FFs was done and the ratio was extracted from a Rosenbluth separation. The main set of data, considered in this analysis, is the one collected in Ref. [52] , with a focus on the region Q 2 ≥ 1 GeV 2 , which includes 64 data points. [51] . The numbers with the superscript " * " are directly derived from the ratio of the measured cross sections.
reported from Refs. [4, 11, 53, 54] , showing a squared ratio consistent with the polarization data, in the limit of the (large) errors, are reported in Fig. 3 . The corresponding data are reported in Appendices C, D, E, F, the cross sections in Tables V, VI [11] , yellow open circles), (Janssen: [53] , green open lozenges) (Berger: [54] , grey open crosses), (Qattan: [10] , green solid triangles), (Walker: [56] , cyan open triangles) and (Litt: [9] , pink open squares), compared to the calculation of Ref. [55] , chosen as an example (black solid line).
show a particular behavior, that is not consistent with the previous finding, giving a value of the ratio exceeding unity and growing with Q 2 . The numbers are reported in Appendices G, H, I, the cross sections in Tables IX,  X , XI, and the individual fits, at each Q 2 are illustrated in Figs. 11, 12, 13 , respectively.
For these experiments it was noted in Ref. [49] that radiative corrections and/or correlations are especially large. The data from Ref. [10] were extracted detecting the proton instead of the electron. Besides the above mentioned corrections, at large Q 2 the contamination of the elastic peak by the inelastic e+p → e+p+π 0 reaction has to be carefully subtracted [17] .
For Refs. [9, 56] , G 2 M extracted from the present analysis is systematically lower, showing that these measurements may be affected by a global systematic error probably due to normalization issues, whereas the results of Ref. [10] agree with the standard parametrization of the magnetic contribution.
Note that in Ref. [9] a somehow arbitrary renormalization was done by "changing the normalization of the small angle data from SLAC or DESY by ±1.5% with respect to the large angle data (Bonn)". This normalization increased the FFs ratio towards unity.
The complete set of results in form of tables is given in the Appendixes. Concerning, in general, the elastic ep cross section, several early experiments pointed out a deviation of the elastic cross section from the (1/Q 2 ) 2 behavior. Quoting a presentation of the data at the highest available transferred momenta, from Nobel prize R. Taylor: "There appears to be definite evidence in the data for a significant deviation from the dipole fit" [57] . Radiative corrections were also quoted as a point to be treated with particular attention. The dipole normalized cross section
, being σ exp red the measured reduced cross section, is reported in Fig. 5 as a function of Q 2 , regardless of the value of ǫ. The Q 2 coordinates for the data from a Rosenbluth separation for different ǫ are seen as vertically quasi-aligned symbols. Note that if these points form a cluster with overlapping error bars, it means that they are compatible with the relation
If points are not overlapping, then FFs do not follow a dipole behavior. Concerning the data of Ref. [51] , let us note that the dispersion at fixed Q 2 is not larger than the systematics from different sets.
In general, and particularly at large Q 2 , one can see that the dipole fit is not a good representation of the data. The deviation at large Q 2 reaches 20-30% on the cross section and has to be attributed mainly to the magnetic term. This is very puzzling, as it is expected that the magnetic FF follows quark counting rules that are compatible with the Q 2 dipole dependence.
III. CONCLUSIONS
We have proposed a reanalysis of the Rosenbluth data in terms of the squared FF ratio R 2 instead that of the ex- Cross section normalized to the dipole cross section, σ/σD, as a function of Q 2 for different experiments: (Andivahis: [51] , green solid squares), (Qattan: [10] , green solid triangles), (Bartel: [4] , blue triangles down), (Christy: [11] , yellow open circles), (Litt: [9] , pink open squares), (Walker: [56] , cyan open triangles), (Janssen: [53] , green open lozenges) (Berger: [54] , grey open crosses), (Kirk: [58] , green solid stars) compared to the calculation of Ref. [55] , chosen as an example (black solid line).
traction of the individual FFs, similarly to what has been done in the time-like region. In such a region, this procedure is more convenient because of the scarce statistics, in the present case it allows to consider R 2 as a parameter, directly extracted, avoiding the correlations between G 2 E , that is affected by a large error bars, and G 2 M that here includes the eventual systematics and global normalization problems. We have interpreted our results as follows. In general, the discrepancy between unpolarized and polarized experiments is not evident for the older experiments. Most of them show a decrease of the ratio, already noted in the literature. Up to 3-4 GeV 2 the eventual difference may be resolved by a proper calculation of radiative corrections.
The claim of the presence of two-photon contributions and the extraction of the FFs as real quantities, function of one variable, Q 2 , correcting the unpolarized the cross section by the assumed effect and re-extracting FFs, is in principle erroneous, as it integrates the conceptual and operative contradiction of merging the Born approximation and the two-photon effects. In presence of twophoton effects one can not extract nucleon FFs from the unpolarized cross section only.
In conclusion, in all these analyses the FF extraction is based on the dominance of the one-photon exchange mechanism. Advocating a large contribution of the 1γ −2γ interference, would invalidate the definition of FF itself, as real function of the single variable Q 2 . For a specific set of data [51] , we have shown, that, considering two spectrometer settings as independent measurements, brings these data into agreement with the data from the JLab GEp collaboration. Omitting the low energy data also brings the data into agreement, but at the price of increasing the error. The question arises then on the normalization procedure adopted in that paper. The ansatz of constant normalization fixed on one low-ǫ point on the value that aligns the points at a fixed Q 2 is very critical for increasing the Rosenbluth slope. The question remains open for the recent and precise JLab data from Ref. [10] , that show three aligned values for the ratio, increasing with Q 2 , as well as the data of Refs. [9, 56] , showing similar increase although with large errors. This work Original
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Ref. [54] 0. Appendix B: Fit of the data of Ref. [51] Table IV reports the original data from Ref. [51] . Fits to these data, for the seven Q 2 values, are shown in Fig. 6 . Appendix C: Fit of the data of Ref. [53] Table V reports the original data from Ref. [53] . Fits to these data, for the 20 Q 2 values, are shown in Fig. 7 . Appendix D: Fit of the data of Ref. [4] Table VI reports the original data from Ref. [4] . Fits to these data, for the eight Q 2 values, are shown in Fig. 8 . Table VII reports the original data from Ref. [54] . Fits to these data, for the eight Q 2 values, are shown in Fig. 9 . Table VIII reports the original data from Ref. [11] . Fits to these data, for the seven Q 2 values, are shown in Fig. 10 . Table IX reports the original data from Ref. [56] . Fits to these data, for the four Q 2 values, are shown in Fig. 11 . Table X reports the original data from Ref. [9] . Fits to these data, for the five Q 2 values, are shown in Fig. 12 . Appendix I: Fit of the data of Ref. [10] Table XI reports the original data from Ref. [10] . Fits to these data, for the three Q 2 values, are shown in Fig. 13 . 
